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O O DI AR AECRAR FL T (AM ECRR ) HR A 22 26 1 G 58 A 200 1 75 ] b ELAT 8T ORI RE 0, T ] A 1Y
TR 22 R M7 FESEE T R, VPO T ILE R AERERE ST . N AM B ARSINR 2217 B i 23 ARl fE oAU 77
S A KA, J0JE T2SIEHIT] (Proteobacteria ), JEBERI] ( Firmicutes ) AL ] ( Actinobacteria ) THY 9 PAIEIHY
J& ( Brevundimonas . Microbacterium . Sphingomonas . Paenibacillus . Variovorax . Xenophilus . Hydrocarboniphaga . Arthrobacter
il Bacillus ); 11 BRANEEAT S MG PE, (8RB VE SR S B (2.97 £ 1.32) nmol-mg “h™'s 12 BRAH I HATIE LA LAY Bl
71, 11 BRANGEHA S EETETCYLBERRE S, b 8 BRANE W] I B A pLB R M JCHLBERE ), JF A HLBERE )
TARAEATETCHLBERE 15 16 BRANBTEA /30 TAA (WIWRZIR) REJ1, TAA Mt El (688.00 +19.17) pgmL s 6
AT RN ELAs [ AU . SRR AL R 23 TAA BBJ). DIRESIREN], AM HREMSMHL R CHAZ
F B A A ARBERIOE AR AT, X2 AT 2 J D RE MY A0 1 ] REAR K 8 AR iR AR e - 338 37 43y e
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Dual Functions of Bacteria Colonized on AM Fungal Hyphae — Fixing N, and
Solubilizing Phosphate

SHI Jingjing, ZHANG Lin, JIANG Feiyan, WANG Xiao, FENG Gu'

(College of Resources and Environmental Sciences, China Agricultural University, Beijing 100193, China)

Abstract:  Objective The objectives of this study were to investigate whether the bacteria colonized on the surface of
extraradical hyphae of arbuscular mycorrhizal (AM) fungi do have the dual functions of N, fixation and phosphates solubilization.
AM fungi release through extraradical hyphae exudates that are rich in carbohydrates and hence provide a habitat for bacteria to
colonize in. The interaction between AM fungi and bacteria in the hyphosphere has been found to promote mineralization of
organic phosphorus and organic nitrogen, enhance nutrient acquisition of AM fungi, and further improve nutritional status of the
host plant. However, it remains unclear whether the bacteria colonized on the surface of extraradical hyphae of AM fungi do have
the dual functions of N, fixation and phosphate solubilization. = Method AM fungal hyphae were collected with PVC tubes and

nylon mesh in a maize field, and then N,-fixing bacteria colonized on the surface of extraradical hyphae of AM fungi were
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isolated with a nitrogen-free selective medium, purified for DNA extraction and identified through 16S rRNA gene sequencing.
NifH gene of the bacterial DNA was amplified with specific primers. Nitrogenase activity of the N,-fixing bacteria was
determined via acetylene reduction assay, phosphorus solubilizing ability was by measuring the diameter of the bacteria colony
and phosphorus solubilizing halo in NBRIP solid medium, and IAA (Indoleacetic acid) secretion ability was with the Salkowski
colorimetric method.  Result Twenty-three strains of N,-fixing bacteria, capable of surviving in N-free media, were isolated
from the surface of AM fungal hyphae, and sorted into nine different genera (Paenibacillus and Bacillus in Firmicutes;
Microbacterium and Arthrobacter in Actinobacteria; Sphingomonas, Brevendimonas, Variovorax, Xenophilus and
Hydrocarboniphaga in Proteobacteria), among which, bacteria in Brevendimonas (six strains, accounting for 26% of the total) and
Microbacterium (six strains, for 26%) were the highest in relative abundance; eleven strains showed nitrogenase activity, peaking
up to (2.97 + 1.32) nmol'mg™"*h™'; twelve strains did the ability to solubilize organic phosphorus (phytin); eleven strains did the
ability to solubilize sparingly soluble inorganic phosphates (tricalcium phosphate); eight strains did the ability to solubilize both
phytin and tricalcium phosphate, with the former being higher than the latter; sixteen strains did the ability to secrete IAA,
peaking up to (688.00 £ 19.17) ug'mL™"; and six strains did all the functions, nitrogenase activity, phytin solubilization, sparingly
soluble inorganic phosphates solubilization, and IAA secretion, and they belong to five different genera (Brevundimonas,
Microbacterium, Sphingomonas, Paenibacillus, and Arthrobacter) and among them, Paenibacillus was the highest in ability of N,
fixation, sparingly soluble phosphates solubilization, and IAA secretion.  Conclusion A variety of strains of bacteria with
nitrogen-fixing, sparingly soluble phosphates-solubilizing and growth-promoting ability are found colonized on the surface of
extraradical hyphae of AM fungi in the maize field. These bacteria with multiple functions may have the ability to greatly expand
the pathways for mycorrhizae to absorb nutrients in the soil.

Key words: Arbuscular mycorrhizal (AM) fungi; Colonization; N,-fixing bacteria; Hyphosphere; Maize; Phosphorus

solubilization
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AWFFERY H B R AR AR T, IR G
FORMRARR AM BRI AR SN B 22 3 112 5 A7 7 H AT [
RAE I BT E S, XSS TA = 75 [ I B v i -
SEMEYERERIRE ST, DA 48 75 T 22 PR AR T A T BE 2
FEVE, Dyt — 20 PR AR R AR 18 AR Y RS IR
(14 BT R AL A B A A 3l

1 MRS Ik

1.1 EHz2iE

P22 AR TR AR N TR L B ERA WA S
(23°44'N, 117°10'E ) BRI IR LT3Rt 5t b st
563k (40°08'N, 116°11'E) A7 e+ rhikdT,
T ALY FoK . MR A AR 2L PR A PVC
(RACK) BlEmeLT (K 1), FEERRR
R 3R 3 AP A 30 um JEJEMERY PVC 45
(HA&10cem, HE 12cm), RAEANGEEISHE 2]
Phdiad, JRPE PVC A NICE 0.45 pm (e JEMR, i
AM E TR P 22 BEE NG A K A 3 A S PVC
EMNHEEE, B 045 um R, SRS &E THA
K KB REFRILA, ERMEE (SZX7, OLYMPUS,
HA) THS PP R 2. dbat bR 4 v [F A
FHPVCH (EHALR 15 cm, FEF 10 em) Jralicse
W2z, BN 0.45 pm AYJE B, PVC &b 1%
MWL E A 3G A e R PVC
BN E G, HICRK ISR 2=+, SRt
500 Hfi, WERENRE2Z, FIERINE LR
TETHKT, ERIEE T S FokERE 2, 8T 4
CUKF P ORAE R, ORAEBS AR — ]

\ AMHAEEZ
AM fungal hyphae

than

Soil in situ

PIEO 4SumfiE, MRZIRIRAR,
TR S 22

Internal 0.45um nylon mesh to
collect hyphae in situ

30 B, PHLIEAR RN
30um nylon mesh on both sides to
prevent root entry

E 1 BRZKE (PVC) FilEm 2R B’
Fig. 1 Sketch of polyvinyl chloride( PVC )tubes used to collect AM
fungal hyphae

1.2 HZREVEFERESES4H

A I, R BB A O AU R AR A A R
FE SCOR VTR, i e RLAG N R (361 420 % 0 2 1
FANFEFER o FERALEE T KGR R 2o B
PRIUORAEI) AM E R B 22, A0 8 0 5 o R s 7
B, fE 28CEEFRM T IESE 10d, B TiELA
ARk L ekgtaT 3 AR RS, MR AR IR
ERATE, RIFHE LB [EAR;F 3 (Luria-Bertani
FRAREL ) BT Esaife, MRBILETE . MRl
RAS BN P B PR EEAT S 22 QYL 0, 76 B U PR
1 000 fE5 W E A0 TR Y B3 €5, . TR FIR/IN, BAE 2D 9R 32
SRR« U [ - SR ) G - IR G TR I 5 -
T G- e . 25 AR A 2 SR, 2
AR PSE g AN E Y

Sy BT A IR A (1 LIRR ): 20 g JiE
W (sucrose ), 0.1 g R — 4 (K,HPO,)., 0.4 g
iR — S #F ( KH,PO, ). 0.2 g L/K& R8st
(MgS0,7H,0 ). 0.01 g S fk#h (NaCl), 0.01 g S 1k
#( FeCl3).0.002 g —/KAHHREM( Na;MoO,4-2H,0 ).,
14 g 34 (agar powder ),
1.3 HHREE

X3 B A 1 A Sl Ak TR AR E A T 40 TR DNA $2 5
nifH FEFEKMA 16S rRNA ELBF, %5 A H
BRFP2E . HEMHME LR A DNA BT &
( TIANGEN, H3t%5. DP302) #EH([H % # DNA,
FEHUE DNA M i iR 3 11 43 BT ( Biodropsis
BD-1000, FLYNZR Ty, A ) A6 4l B2 Ak Ji2, —20 °C
A

nifH RSN R A 15 PCR EAT e 37,
R R R AR FR 25 pl:2 uL DNA BEAR . 12.5 pL
Premix Taq. 1E/251%) (PolR F1 PolF, W3 1) 4%
0.5 uL( 10 umol-L™" ). 1 pL 2 1M1 3E & F( 0.1% BSA ).
8.5 uL ddH,0. MW idFeE: 95°CHIAM: 5 min; 55°C
Bk 30s, 72°CHEAH 30 s, 94°C7AEME 30 s, EHF 30
W 72 CHEMH 10 min, 55 —40¥ 4 R N &R 50 pL:
1 uL F—39 874 . 25 puL Premix Taq. 1E 5]
#) ( PoIR #l PolF-GCb ) 4 1 pL ( 10 pmol-L™" ), 2 pL
A EHE A (1% BSA ), 20 uL ddH,0. S hjid #E
95°CTHIZE M 5 min; 60°CIiE K 30s, 72°CHE{H 30 s,
94°CA M 30 s, HEHF 30 ¥K; 72°CHEfH 10 min,

16S rRNA S F R 16S 38 H 5 9P 3 %
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M o BUNAKZR 25 pL: 3 pL DNA #5547 . 12.5 pL Premix
Taq. IEG1914% 0.4 uL (100 umol-L™" ), 0.5 uL 4
MiEHEM (0.1% BSA ), 8.2 pL ddH,0. St
95CHIALEYE 3 min; 95°CAEME: 20 S, 60°CiEk 208,
T2°CHEMH 75 s, fEFR 35K 72°CHEMH 5 min, §7H
PRI SRR A B R A BR 2 w52 G R
B, K F & # 16S rRNA HEK 5176 NCBI ( 55 [
HREYHEARMGELS L) HME Blast ¥
( https://blast.ncbi.nlm.nih.gov/Blast.cgi ) H 17 [F]IF
PEEEXT AT, R 14 FZAHIT A4 16S rRNA
K ¥ 50, B MEGA ¥ (WA 52), RH
Neighbor-joining J7 7% (£B#%7% ), “p-distance” (p IE
BRI e, EE 1000 KBRS K FW.
1.4 BEHREREEENE

K Y I T 0000 5 [ 0T ) R TG 1,
iR BSHE LB YRR 3573 o X B R A T
WiGfe, WIS TR R 2 B D IR T R, KE K
T UE 2~3 Yk, I e B &L 77 S B R A S i T
A&, J£H75 OD {8 (A =600 nm ) £k 0.4, HL 3.2 mL

*1

Table 1

PRI 20 mL PRAEVE, A L 25 26 8 b i 25 =0
FEARAS, W 6 WUREHHENWES, R
HREEHIES 1.68 mL S, 7 37°C,
220 rrmin”' BYAPE A SR 3~4 d, FfdmIERE
EFHL 100 uL 198 SR TE A S A TREY (GC-2010
Plus, 5, HA) ME MR ML E
Je, d B s R AR R L, AR
) [ U0 04 [ EURRE G M, B0 nmol-mg '-h'( nmol
H CHy BfL, mg AWIARE AL, h AR
R [E] B ).

Nt PR R 7R 6414y (1 LIRR ): 26 mg —
KEFAE (CaCly2H,0 ). 30 mg L /K& i BREE

( MgSO4+7H,0 ) . 033 mg — /K & B M 4
( MnSO4H,0 ) . 7.6 mg — /K & % M 4

( Na,MoO42H,0 ), 3.4 g 2 — 480 (KH,PO,).
263 g KA E 44 ( Na,HPO4 12H,0 ).
36 mg 16 R 2k ( CeHsO7Fe'xH,0 ). 4 g ) 75 b
( glucose ). 0.3 g &R (L - Glutamic acid ), 10 pg
HHE (Biotin), 10 pg M &EIEAKF R (C,H,NO, ),

FIAREARIGIY

Primers used in this study

59 % FK Primers J¥31 (5-3') Sequence (5-3")

f#ii& Description

Y38 nift FIH Amplify nifH gene

Y34 nift IR Amplify nifH gene

Y34 nift IR Amplify nifH gene

P74 16S rRNA 2K Amplify 16S rRNA gene

PoIR ATSGCCATCATYTCRCCGGA
PolF TGCGAYCCSAARGCBGACTC
CGCCCGCCGLGLeeeaeaeecaaeecaeeacecececece
PolF-GCb
GCCCCTGCGAYCCSAARGCBGACTC
27F AGAGTTTGATCCTGGCTCAG
1492R GGTTACCTTGTTACGACTT

P18 16S rRNA #:[H Amplify 16S rRNA gene

R=A/G; Y=C/T; S=G/C

1.5 EHRMEBERE NN BIIRZ B (1AA)
BE T E

FIA NBRIP [EfA ;55 ( National Botanical
Research Institute's phosphate growth medium ) i
- i Tl P A T [ SRR R A R RE ), B i
N ESETE LD AR IR B X TR AT PR TR AL
TEALE B B &k B O WURTRAR, KRR G VE 2~3
W, KBEKEFRVERE A, I8 ODE (A=
600 nm ) 254 0.4, WHL S uL B % A NBRIP

BRI L, 30°CHERFF 2~3 d, MER
EHEA(d) ME#EES (D), IFTHHE HE (D),
PO F DR /N 52 W T ok ) s 6

FIFH Salkowski e a2 81 52 [ %0 B Bk 40 Wb
IAA MRy, BR BN WbkE . BE% T
1, HAKFEKEIFVREIE AR, 877 OD fH (A
=600 nm )#Jy 0.4, BL 100 uL B A 20 mL King
B, 30°C, 160 rrmin' 1595 3 d, #HIEFRIE O,
WE 2 mL W, A 2 mL Salkowski LAk, 7
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PR TP E 30 min, 2B E OD (A =530 nm ) {H,
HR PG TAA FrufE 2618 B RR A TAA B
1.6 EEAIE

IS EHE R Excel 2016 #4735 %

SPSS 21.0 FEFFEHR AT o oF 1 S0 il 3 12k 540 A - o
IAA fEIBESCHEAT I 2 R A 56 ( Levene’s
55, BJEUEAT AR R 00T Ml LSD B (/i

xRk ) ZEILE (P<0.05), F#H MEGA {4
(A 5.2) W RG L EFW.

2 4 R

21 FFXAIBRHEEBRENEE
AWSE S B e 23 PRABAETE L A SR LA
KA AR o E UL DNA 47 T nifH JE A
W CE 2), —HB w35 400 bp Z247 1 HAn %
o BfJE X AU Y 16S IRNA FEH P T R G &
AR (& 3), Z52RRW 23 BRIERFER T 3 4T
TR 9 RS (£ 2), fEI 1K |: Proteobacteria
(13 £k, 56.5% ) AHXT E ey, HLRSE Actinobacteria

T2 HLRERF

(7B, 30.4% ), AHX} 3B Fe /IR AYJ& Firmicutes ( 3 £,
13% ). TEJE/K- L. Brevundimonas (6 ¥, 26% )
F1 Microbacterium (6 ¥k, 26% ) FHXIFRfrm, H
KJ& Sphingomonas (4 ¥, 17.4% ). Paenibacillus ( 2
%, 8.7% ). Variovorax (1 ¥k, 4.3% ). Xenophilus
(1 ¥k, 4.3% ). Hydrocarboniphaga (1 tk&, 4.3% ).
Arthrobacter (1 #£, 4.3% ) #l Bacillus (1 ¥, 4.3% )o

400 bp nifHIEEA
100 bp nifH gene

e Mk Isolated strains  CK

K2 nifH B9 35551

Fig. 2 nifH gene amplification sequence

EHMEREREREIE

Table 2 N,-fixing bacteria isolated from the surface of AM fungal extraradical hyphae

["] Phylum J& Genus RIS Strain code
Proteobacteria Brevundimonas SZ-1. Sz-3. SZ-5. SZ-13. SZ-14. SZ-20
Sphingomonas SZ-8. SZ-17. SZ-19. SZ-22
Variovorax SZ-6
Xenophilus Sz-7
Hydrocarboniphaga SZ-10
Actinobacteria Microbacterium 77-12, SZ-4, SZ-9. SZ-15. SZ-16, SZ-21
Arthrobacter Z7-15
Firmicutes Paenibacillus 77Z-1. ZZ-3
Bacillus 77-6

W SZ LS, ZZ REMSE . Note: SZ is the acronym of Shangzhuang, and ZZ is that of Zhangzhou.
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SZ-14 7
NR 028889.1:34-1355 Brevundimonas anrantiaca
99
SZ-13
100 g%:g Brevundimonas
NR 113586.1:27-1364 Brevundimonas vesicularis
100 S18Z-1
9815720 i
100 r SZ-17
NR 152071.1:55-1401 Sphingobium hydrophobicum Proteobacteria
IOOTSZ-S
100 100 NR 104893.1:34-1384 Sphingomonas paucimobilis Sphingomonas
100 S7-22
100 iSZ-] 9
57—NR 116570.1:34-1381 Sphingomonas hankookensis i
100;SZ-10 b
INR 029102.1:48-1431 Hydrocarboniphaga effusa Hydrocarboniphaga
SZ-6 7
100 'NR 114214.1:33-1428 Variovorax boronicumulans Variovorax
10 SZ-7 I
TOONR 116099.1:1-1406 Xenophilus aerolatus ] Xenophilus —

99727-1
4100[{22-3 Paenibacillus
100 NR 040882.1:33-1424 Paenibacillus lautus

) Firmicutes
100,2Z2-6 7 )
NR 115953.1:52-1467 Bacillus aryabhattai | Bacillus
L 100;ZZ-15 T ]
4{ Arthrobacter

NR 026194.1:54-1412 Paenarthrobacter nicotinovorans.|

20 SZ-16
100 100'2%:%;
Actinobacteria

NR 041516.1:42-1408 Microbacterium ginsengisoli
100 72ZZ-12 Microbacterium
NR 026163.1:49-1402 Microbacterium testaceum
100] NR 135869.1:26-1375 Microbacterium proteolvticum
6L SZ-4
99'S7-9
0.02 -

——

TE: ABPEPSER S E R G 5 2w, REEZAEYRAREE PO (NCBL) B E P HFEIIER SRR, WHIIRFR

2% 73455+ . Note: Strain codes represent the sequences of strains obtained in this study, and accession numbers stand for the sequences

cited from NCBI database. The scale bar represents 2% of sequence divergence.

Pl 3 P22 R Im IR i i [ AUE 16S rRNA LN 741 3 58 % 7 1
Fig. 3 Phylogenetic tree of 16S rRNA gene sequences of N,-fixing bacteria isolated from the surface of AM fungal hyphae

2.97 F12.92 nmol'mg "“h', F5¥F# ( Arthrobacter)
ZZ-15 G0 P E ( Brevundimonas ) SZ-1 W [E A&
BTG AT AR, 43518 0.096 A1 0.095 nmol-mg "h ™',

22 BEIRHEMEREEYE _ sl
P 28 S i T 43 185 1 23 b LI =
B 2L RBE P 11 2 A 0 50 0 R i 4), £
ool JFRFTE ( Paenibacillus) 223 FUBiIEE £ )
( Sphingomonas ) SZ-8 [ ZU M AH XS 855, 300 h i%g 2l
H R
§

=ty ok o0 In /NS 2k ~ o LS N 5 N
23 lﬁlﬁﬁlﬁ’]ﬁ’%ﬁ%azﬁﬁfﬂﬁa\lﬂ IAA & VI O AR AR
R T VL R AR TN B 12 bk R R bk Strain

3 e o N .
FHRAATBLBEAITET) (38 3). JLrh R AT W SZ/ZZ+ B F RE A B MW E KIS . TIH. Note:
( Paenibacillus ) 7Z-1 fEAERRESHE S, D/ {H N SZ/ZZ+number represents strain code of the N,-fixing bacteria. The
3.58 + 022, 11 FKIE AU A AR P pLBR Y Sme Delow

REJ), HH KA ( Paenibacillus ) ZZ-3 fi#ik B4 PR b T
PR — 4568 7 fe ok , D/d {Eﬁ‘j 2.77+0.13. 8 KR A A Fig. 4 Nitrogenase activity of N,-fixing bacteria strains
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#3 THRENEERERAHMBEEEZNEEERILE

Table 3 Ratio of the diameters of phosphorus solubilizing halo (D) and colony (d) of the N-fixing bacteria strains (mean+SE, n=4)

J&# WIS W RALRRESRE ) (DAd) TR RBERR = 458871 (D/d)
Genus Strain code Phytin solubilizaion ( D/d ) Ca; (PO, ) , solubilization ( D/d)
Brevundimonas SZ-1 1.50 £ 0.09 0
SZ-3 0 1.88£0.24
SZ-13 2.15+0.05 1.27£0.03
SZ-14 1.90 + 0.06 1.28 £0.03
SZ-20 1.38 £ 0.04 0
Sphingomonas SZ-8 3.17+£0.16 1.15+0.02
Variovorax SZ-6 2.57 £0.04 1.24 +0.07
Xenophilus Sz-7 1.51£0.05 0
Microbacterium SZ-9 2.14+£0.34 1.26 £0.13
Sz-21 2.69£0.07 1.71 £ 0.05
77-12 1.41 £0.07 0
Arthrobacter 7Z-15 2.94+0.16 1.39+£0.03
Paenibacillus 77Z-1 3.58£0.22 1.40 £ 0.02
77-3 0 2.77+0.13
Bacillus 7Z-6 0 1.96 £ 0.05

[] B ELA fig A AL FIOUEVS M T LB R e T, T ELA#
A PUHE B RE ) T XE I M S AL R RE Sy . A
Salkowski F ikl 2 16 #RE A HAT 750 IAA
fie )1 (K 5), H 2R 0T 1R ( Paenibacillus ) ZZ-1
b TAA BE T EcoR, TAA ZriEly 688 ugmL™',
16 PRAEAS 735 TAA BYTE I ALHE 11 BRAGINE] [ %0
T 1 R 4 TR

[Fi] Bk L% [ UGG P . A PR . RS T
HLIEA 70U TAA BE I TEARA 6 Bk (&1 6), 735l
S E ( Brevundimonas ) SZ-13 Fl1 SZ-14. i#%
T ® ( Microbacterium ) SZ-9 . ¥4 g B jify
( Sphingomonas ) SZ-8 . ZEZ{AFTH ( Paenibacillus )
ZZ-1 FI AT H ( Arthrobacter ) ZZ-15.

3 3 ®

31 AM EFR#ZRGEEERESREHE

AM BB B 22 bR ORI A T b A A0
SEREU OV RS R W, B ABRAE AR R AN L M
WA . AL . LA S RE A . AM
B 5 X ST RE AN AR nTE A AUE SR . AR

WAL, R AR s i = TN, [
I X - A 5 T R A PR A A 1 A A R 202
Pk, W22 PRRUE YIS0 o AR e . )
BRI P A S AT S S BT (R AR
HAESRG T, AM BRI 22 3R 2 5 E A
W R, L B ok 2 [ 0 2SI D) BE AR A A S B
FE AR LARIE o ASIFFE I 1] 36K B R A AR A1 R 22
R B IfE 23 MR AT 9 AN IR]JE I 1 U

1 000

T

600

400 r

SrIIAARE S
Ability of [AA secretion/(ug'mL™")

200

[# Bk Strain

K5 TR bR TAA YRE
Fig. 5 Ability of N,-fixing bacteria strains to secrete IAA
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Horbr, 11 AR EA B ABETE R 12 PRAETE BA G
EEHLBEIRE T, 11 BRAN TR HLA 1 e i v IO ML
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Fig. 6 Venn diagram of numbers of strains of bacteria capable of N,
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T 22 5 - 33 v o3 B A B A0 TR R R 22 02 19 A 1 2
TUFFIRJB AT . Zhang S5 PSR i il B I0)F AR 43
BT B RS E N ARG FOK A AM ELIR 1 22 bR 40 1
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